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Abstract 
This work aimed to study and identify the optimum sub-critical water pretreatment conditions of sugarcane bagasse 
to increase the enzymatic digestibility of the cellulose fraction for subsequent bioethanol production. Sugarcane 
bagasse was pretreated with sub-critical water under several operating conditions; reaction temperature (126.36 °C to 
193.64 °C), reaction time (3.18 min to 36.82 min), and bagasse/water ratio (1/4.64 to 1/11.36) in 600 mL autoclave 
reactor. These operating conditions were optimized by using central composite design (CCD) and response surface 
methodology (RSM). From the study, it was found that the optimum pretreatment condition for producing sugars was 
169.66 °C, 19.41 min, and 1/6.85 bagasse to water ratio. 
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1. Introduction 
Presently, petroleum resources are the major feedstock for the production of commodity chemicals and 
fuels. Nevertheless, rapid depletion of these finite resources and the increase in emissions of CO2 level 
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encouraged a replacement of petroleum with renewable resources such as lignocellulosic biomass, forest 
biomass, and municipal solid waste. Among various potential large-scale industrial biorefineries, the use 
of lignocellulose feedstocks is known as one of the most promising approaches particularly in the 
agricultural-based countries.[1-2] 
Lignocellulosic biomass is mainly composed of cellulose (40-50%), hemicellulose (25-30%), and 
lignin (15-20%). Cellulose, a linear polymer of glucose molecules linked with β-(1-4)-glycosidic bonds is 
a major structural component of plant cell walls. Hemicellulose is a branched polymer of different 5-
carbon sugars (xylose, arabinose) and 6-carbon sugars (glucose, galactose, and mannose) that linked 
cellulose and cross-links with lignin. Lignin is an aromatic polymer that composed of p-coumaryl alcohol 
(H), coniferyl alcohol (G), and sinapyl alcohol (S) forming a layer of the cell walls. 
To convert lignocellulosic biomass to biofuels/chemicals, it generally requires: (1) a pretreatment step 
for cellulose crystallinity reduction by the hydrolysis of hemicellulose and delignification (2) an 
enzymatic hydrolysis step of cellulose to produce sugar monomers. It has been known that pretreatment 
of lignocellulosic biomass enhances the product yield and is therefore of great importance for the efficient 
biorefinery process. [3-4] 
Various pretreatment methods have been developed to change the physical and chemical structures and 
break down the hemicellulose and lignin shield efficiently. Hydrothermal pretreatment where fiber is 
heated in water at 150-230 °C, is considered as an attractive method due to a simple operation, potential 
on hemicelluloses dissolution, and chemical handling. Moreover, sub-critical water requires little or no 
chemicals because their particular solvent is water, which is environmentally friendly and cost-effective. 
[5-6] 
For sugarcane-producing countries like Thailand, there is an abundant opportunity for the use of 
sugarcane bagasse. In this work, sugarcane bagasse is selected as the efficient feedstock to produce sugar 
monomers for subsequent bioethanol production. Sub-critical water pretreatment is performed under 
several operating conditions in order to increase biomass digestibility prior to the enzymatic hydrolysis. 
The optimum pretreatment conditions is determined based on experimental design studies. 
 
2. Methodology 
1. Raw material preparation 
Sugarcane bagasse obtained from the PTT Global Chemical Public Company Limited, Thailand was 
used as the feedstock in this work. The bagasse was dried at 60 °C for 24 h before processing.  
 
2. Experimental procedures 
Pretreatment 
Sub-critical water pretreatment was performed in a 600 mL autoclave reactor with a heater. Central 
composite design and response surface methodology were used to optimize the pretreatment conditions; 
reaction temperature, reaction time, and biomass/water ratio as shown in table 1. The sugarcane bagasse 
and de-ionized water were added to the reactor at different bagasse to water ratios. The hydrolysis was 
carried out in the range of 126.36 °C to 193.64 °C for 3.18 to 36.82 min. When the desired reaction time 
was reached, the reactor was cooled down by immersing into a cold water bath. Then, the pretreated 
slurries obtained after sub-critical water pretreatment was separated by filtration. The solid fraction was 
washed with de-ionized water until pH value became in the range of medium. The sample was dried at 60 
°C for 24 h and weighed for calculation of solid residue before subjecting to enzymatic hydrolysis to 
evaluate the improvement on biomass digestibility. 
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Table 1. Range of variables for the central composite design 
Parameter 
Code level 
Axial point 
(-1.682) 
Low level  
(-1) 
Central point 
(0) 
High level 
(+1) 
Axial point 
(+1.682) 
Reaction Temperature (°C) 126.36 140 160 180 193.64 
Reaction Time (min) 3.18 10 20 30 36.82 
Bagasse to water ratio 1/4.64 1/6 1/8 1/10 1/11.36 
 
Enzymatic hydrolysis 
The enzymatic assay was provided by the National Center for Genetic Engineering and Biotechnology 
(Biotec), Thailand. After pretreatment, solid residue (5% of 5 ml total reaction volume) was hydrolyzed 
with 50 mM of citrate buffer (pH 5). Then, the enzyme (Cellic® CTec2) was added at 10 FPU/g dry 
treated bagasse. Next, the mixture was incubated at 50 °C, and 200 rpm for 72 h and collected for 
determination of reducing sugars by DNS methods.The glucose yield (%) for each sample was calculated 
according to equation 1. 
  
Glucose yield ሺ%ሻ= amount of glucose released × % solid residueinitial glucose content in raw material     (1) 
 
3. Results and discussion 
Effect of sub-critical water conditions on glucose yield  
Glucose yield (%) from enzymatic hydrolysis is the main indicator for optimizing the pretreatment 
conditions in sub-critical water pretreatment of sugarcane bagasse.As shown in fig 1, the R2 value of 
0.9481 indicates a close agreement between the experimental results and the theoretical values predicted 
by the model. This high R2 value was acceptable for giving a decent prediction on glucose yield with 
appropriate pretreatment conditions. 
 
 
 
Fig. 1 The linear plot of mathematical model predicted values and experimental results (observed values) on glucose yield 
 
The resulted response function in terms of coded factors A, B, C, and their corresponding coefficients 
after elimination of insignificant terms were derived to predict the glucose yield as shown in equation 2. 
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Glucose yield = 43.90650 + 9.35720*A - 15.82130*A2 + 0.39350*B - 4.46770*B2 - 0.44010*C - 
4.51510*C2 - 3.07060*AB - 9.97890*AC - 0.97920*BC            (2) 
 
Where A is the coded value of reaction temperature, B is the coded value of reaction time, and C is the 
coded value of bagasse to water ratio. In the equation, A, B, and C are the main effects while AB, AC, 
and BC are the interactions, where A2 , B2 and C2 are the quadratic terms involved in the pretreatment 
process.  
 
Table 2. Analysis of variance (ANOVA) for the regression equation of glucose yield. 
Parameter 
Sum of 
squares 
Degree of 
freedom 
Mean 
square 
F 
Statistic 
p-Value 
A – Reaction temperature 298.966 1 298.9665 29.21378 0.001656 
A2 580.171 1 580.1709 56.69194 0.000284 
B – Reaction time 0.529 1 0.5286 0.05165 0.827758 
B2 46.263 1 46.2628 4.52062 0.077619 
C - Ratio 0.661 1 0.6608 0.06457 0.807891 
C2 47.057 1 47.0572 4.59823 0.075694 
AB 18.857 1 18.8571 1.84264 0.223476 
AC 199.156 1 199.1559 19.46071 0.004512 
BC 1.918 1 1.9177 0.18739 0.680227 
Residual 61.402 6 10.2337 
Total 1182.130 15 
 
The regression coefficients for the coded factors are presented in table 2. Statistical significance of the 
model equation to the fitted model was evaluated by the ANOVA. Normally, the p-value less than 0.05 
indicates that a model is statistically valid and acceptable. The linear term A is found to be the most 
significant factor in the regression with the p-value of 0.001656. The interaction and the quadratic 
coefficient AC and A2 are also important terms. The effect of increasing reaction parameters i.e. reaction 
temperature in sub-critical water pretreatment process has an influence on enhancing glucose content 
released from enzymatic hydrolysis. Moreover, the increase of glucose yield is observed at both higher 
temperature and bagasse to water ratio. 
 
Table 3. Predicted optimal conditions for maximizing glucose yield 
 
Factor 
Observed 
Minimum 
Critical  
Values 
Observed 
Maximum 
Reaction Temperature (°C) 126.36 169.66 193.64 
Reaction Time (min) 3.18 19.41 36.82 
Bagasse to water ratio 4.64 6.85 11.36 
Predicted at solution : 45.09439 
 
Fig. 2 are plots of two-dimensional contours and three-dimensional response surface after 
pretreatments. These plots were made to illustrate results from the modelled equations in the investigation 
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of interactions from two chosen independent variables, while the third variable is fixed constant at central 
point value to visualize the optimal results from these variables for a desired response (glucose yield).In 
fig. 2, the fixed central point value for the plots in (A) and (B) is the bagasse to water ratio of 1/8, the 
fixed central point value for the plots in (C) and (D) is the reaction time of 20 min, and the fixed central 
point value for the plots in (E) and (F) is the reaction temperature of 160 °C. It can be seen that the 
interaction between reaction temperature and bagasse to water ratio significantly influences the amount of 
glucose content produced. Under the combined conditions, the desired glucose yield increased from 
17.42% to 44.05%. Thebest predicted conditions providing the highest glucose yield are the reaction 
temperature of 169.66 °C, the reaction time of 19.41 min, and the bagasse to water ratio of 1/6.85 as 
shown in table 3. 
 
 
 
  (A)      (B) 
 
 
 
  (C)      (D) 
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  (E)      (F) 
 
Fig. 2 Contour and 3D response surface plot showing interactions between variables affecting glucose yield: (A), (B) interaction of 
reaction temperature and reaction time (C), (D) interaction of reaction temperature and bagasse to water ratio; (E), (F) interaction of 
reaction time and bagasse to water ratio 
 
Conclusion 
The optimum sub-critical water pretreatment conditions in a 600mL reactor of sugarcane bagasse 
predicted by RSM based on CCD configuration are at 169.66 °C, 19.41 min, 1/6.85 bagasse to water ratio. 
The glucose yield (%) was significantly influenced by reaction temperature as well as interaction between 
reaction temperature and bagasse to water ratio. In summary, reaction temperature acted as the most 
important parameter influencing the pretreatment performance of sugarcane bagasse via sub-critical 
water. 
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